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Executive summary 
Marine viruses are known to play an important role on the global 
ecosystem. They are the most abundant biological organisms in the world, 
and play a key role in modulating several biogeochemical cycles in the 
ocean. Even though, very little is known about their diversity and the 
structure of their communities. More recently, interest is growing on the 
marine viruses’ contribution to the secondary marine aerosols formation 
process. Viruses can enhance the release of cell-enclosed sulfur 
compounds (dimethylsulfoniopropionate, DMSP and dimethylsulfide, DMS), 
hydrocarbons (Isoprene) and organic nitrogen compounds (methylamines, 
MAs), which at some point, can vent to the atmosphere and act as cloud 
condensation nucleus. With the present study we aimed to address some 
of the knowledge gaps stated above, which relates viral community 
distribution and structure with the concentration of secondary compounds in 
the water column. Firstly, we established different biological and 
environmental scenarios. For that we visited diverse locations during the 
PEGASO expedition around the Antarctic Peninsula (Orkney, and Anvers 
Islands) in Antarctic waters, and nearby the South Georgia Island, in the 
Sub-Antarctic Ocean. Contrasting temperatures and chlorophyll a (Chl-a) 
concentrations were detected among zones, being the South Georgia 
Island zone the one that showed the highest Chl-a concentration and 
temperatures. Viruses and bacteria showed higher abundances around the 
South Georgia Island and at the east side of the Antarctic Peninsula 
(Anvers). Secondly, by means of the RAPD-PCR (Randomly Amplified 
Polymorphic DNA – PCR) technique and NMDS (Non-Metric 
Multidimensional Scaling) ordination plots, we detected different viral 
community structures across all sampled zones. Surface viral communities 
showed rather homogeneous patterns among zones; however, viruses from 
the DCM clearly segregated according to the sampling site. Also marine 
viral abundances correlated better with Chl-a than with bacterial 
abundance, suggesting a direct relationship between viruses and 
phytoplankton. Therefore, according to the different concentrations of 
secondary compounds and to the different dominant phytoplanktonic 
communities detected among zones, we suggest that different viral 
community structures will enhance differently the release of secondary 
marine aerosol precursors. 
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Abstract 
Marine viruses play a key role in modulating several biogeochemical 
cycles, but still, very little is known about their diversity and the structure of 
their communities. Recently, interest is growing on the marine viruses’ 
contribution to the secondary marine aerosols formation processes, 
enhancing the release of cell-enclosed sulphur (DMSP and DMS), 
hydrocarbons (Isoprene) and organic nitrogen compounds (methylamines), 
which at some point, can vent to the atmosphere and act as cloud 
condensation nucleus. Here, we aimed to address whether viral community 
distribution and structure relate with the concentration of secondary 
compounds in the water column. For that, we visited contrasting locations 
during the PEGASO cruise around the Antarctic Peninsula (Orkney, and 
Anvers Islands) in Antarctic waters, and nearby the South Georgia Island 
(Sub-Antarctic Ocean) with different temperatures and chlorophyll a 
concentrations (Chl-a). The highest Chl-a, viral and bacterial abundances 
and temperatures were detected nearby South Georgia. Surface viral 
communities showed rather homogeneous patterns among zones. 
However, viruses from the DCM clearly segregated according to the 
sampling site. Finally, marine viral abundances and their community 
structures were correlated with secondary compounds concentrations in 
surface waters, which suggest their effect on the formation of potential 
precursors to marine aerosols.  
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Introduction 
Marine viruses are by far the most abundant biological entities in the 
oceans, and represent the greatest reservoir of genetic diversity (Suttle, 
2007). Marine viruses are small particles, usually about 20–200 nm size, 
consisting of genetic material (DNA or RNA, single- or double stranded) 
surrounded by a protein coat (Fuhrman, 1999), the capside. They have no 
intrinsic metabolism, so that, their functioning relies on the machinery of the 
hosting cell they infect. There is a global uncertainty on what regards to 
their ecology, community structure and diversity among spatial and 
temporal gradients. Its study becomes challenging when there are few 
gene or morphology-based studies that can contribute to the marine 
viruses’ phylogenetic definition (Breitbar et al., 2002; Angly et al., 2006; 
Bench et al., 2007; Helton and Wommack, 2009). Nowadays, 
approximately 90% of the viral metagenoma reads are missed due the 
inability to identify them (Angly et al., 2006).  
 
Due to their extremely abundance (1030) in the ocean and their high daily 
bacterial and phytoplankton infection and mortality rates (Fuhrman, 1999; 
Suttle, 2007), they have great influence in many biogeochemical cycles, 
including nutrient cycling, particle-size distribution and sinking rates as well 
as being responsible for bacterial and algal biodiversity and species 
distributions (Fuhrman, 1999; Wommack and Colwell, 2000; Suttle, 2005, 
2007). Since the early 90’, marine viruses have been considered to 
possibly play a role in the CLAW hypothesis (Charlson, Lovelock, Andreae 
and Warre, the four authors that launched that hypothesis, Charlson et al., 
1987); this states a biological climate regulation where marine 
microorganisms, could contribute to the formation of aerosol particles, 
which could act as cloud condensation nuclei in the marine-atmospheric 
boundary layer. One of the most important and studied component 
responsible in that process is the dimethylsulphide (DMS, Malin et al.,1992, 
1994, 1998; Wilson et al., 1998; Hill et al., 1998; Liss et al., 1993; Bratbak 
et al., 1995), which comes from the dimethylsulfoniopropionate (DMSP; 
Vairavamurthy et al., 1985) and is produced by different species of 
phytoplankton at certain time of the year (Turner et al., 1988; Keller et al., 
1989; Kettle et al., 1999). Generally, haptophytes and small dinoflagellates 
are the two phytoplankton groups recognized to be greater DMSP 
producers (Keller et al., 1989; Liss et al., 1993). DMSP is released from the 
cell through exudation, mainly during senescence or later phases of 
blooms, but most importantly through grazing and cell lysis (autolysis or 
viral attack) (Turner et al., 1988; Belviso et al., 1990; Matrai and Keller, 
1994; Hill et al., 1998; Laroche et al., 1999; Kiene et al., 2000, Archer et al., 
2001). Even being DMS the most important product from the DMSP 
cleavage, only a small fraction (1-2%) will vent into the atmosphere and 
form marine aerosol acting as cloud condensation nuclei; the rest stays, 
being cycled in the Oceans (Bates et al., 1994; Kwint and Kramer, 1996). 
Asides from that, there are other secondary compounds derived from the 
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activity of plankton, like methyl amines (MAs) and isoprene (Belviso et al., 
1990; Bonsagn et al., 1992; Keller, 1989; Malin et al., 1998; Bratbak et al., 
1995; Shaw et al., 2002, 2010) which are also of great importance, and 
may contribute as well to marine aerosols and condensation nuclei 
formation (Kiene and Linn, 2000; Aller et al., 2005; Meskhidze and Nenes, 
2006; Ayers and Cainey, 2007; Yang et al., 2009; Quinn and Bates, 2011). 
Isoprene is highly related with biological activity as its pick of concentration 
matches with that of phytoplankton activity (Bonsang et al., 1992; Milne et 
al., 1995; Broadgate et al., 1997; Yokouchi et al., 1999). Shaw et al., (2002) 
established the relation of three different phytoplanktonic phyla 
(Chlorophyta, Ochrophyta – Diatoms –, and Haptophyta) with their isoprene 
production capacity. Its air-atmosphere flux importantly concerns the photo-
oxidant chemistry of the remote marine atmosphere (Shaw et al., 2002). 
MAs are also related with marine bioactivity (Gibb et al., 1999; Facchini et 
al., 2008), since its origin relays on bacterial activity (Budd and Spencer, 
1968) and on phytoplanktonic metabolisms, by enzymatic breakdown of 
intracellular choline and glycine betain (King, 1989). Due to their volatility 
they may be capable to transfer across the sea-air interface (Carpenter et 
al., 2012), and through the subsequent reaction with derived compounds 
from the DMS, and MAs are believed to play a role on aerosol formation 
and composition (Van Neste et al., 1987; Quinn et al., 1988, 1990, Facchini 
et al., 2008). The marine viruses’ relationship with the MAs and Isoprene 
processing remains poorly explored.  
 
In high latitudes as in the sub-Antarctic and the Antarctic Ocean, blooms of 
phytoplankton occur during the Austral summer (see review, Tréguer and 
Jacques 1992, Davison et al., 1996), being dominated by different 
taxonomic groups, such as diatoms, dinoflagellates, haptophytes, 
cryptomonades etc. (Peloquin and Smith, 2007; Liu and Smith, 2012; 
Mangoni et al., 2017). Those will drive changes of the microbial 
communities (e.g. bacteria and viruses), that in turn will be implicated in the 
release of different types of organic compounds, part of which will 
contribute into the formation of cloud condensation nuclei.  
 
Within the frame of the PEGASO and BIO-NUC projects a cruise was 
carried out on board of the RV BIO Hespérides during the Austral Summer 
to explore the plankton–derived emission of trace gases and aerosols for 
condensation nuclei. In this cruise we visited four contrasting areas of the 
Southern Ocean (Antarctic and sub-Antarctic), characterized by different 
environmental conditions and spanning from high (South Georgia Island) to 
low (South Orkney Islands) productivity zones in terms of phytoplankton 
biomass and different dominant taxonomic groups. Therefore, in this study 
we aimed to test whether viral distribution and community structure i) were 
different in these contrasting zones; ii) were related with their hosts bacteria 
and phytoplankton communities as well as with physicochemical variables; 
and iii) were implicated in the marine aerosol formation by presumably 
enhancing secondary compounds formation from phytoplankton lysis (i.e. 
DMSP, methylamines and isoprene). For our purposes, we have measured 
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Chl-a concentration, viral abundance and community structure, bacterial 
abundances and production, and environmental parameters as 
temperature, salinity, inorganic and organic nutrients, as well as the 
concentrations of precursors of some volatiles compounds. 
 
 
Material and methods 
Sampling sites and strategy 
The PEGASO (Plankton-derived Emissions of trace Gases and Aerosols in the 
Southern Ocean) cruise was conducted on board the RV BIO- Hespérides in the 
Southern Ocean (Antarctic Peninsula, and the Sub-Antarctic Ocean) surrounding 
the South Orkneys (zones 1 and 2), South Georgia (zone 3) and Anvers Islands 
(zone 4, Fig. 1), from 2 January to 11 February 2015. In one hand, seawater 
samples were collected in fixed stations from the surface (5 m) and from the deep 
chlorophyll maximum (DCM, from 6 to 54 m deep) using Niskin bottles of 12 L 
attached to a rosette. In the other hand, several surface (5 m) samples (between 
fixed stations) were collected while sailing using the continuum flow from the ship 
pump (under way samples: UW). Stations and depths where environmental and 
biological variables were measured are shown in Tables 1 and 2 SM. 
 
 
 
Figure 1. Map of the sampling area. Red dots represent the location of all the stations were 
samples were taken during the PEGASO field expedition. Red dots in between the boxes mean 
underway samplings (UW), and red dots inside the boxes belong to fixed stations, where CTD 
were deployed. Note: Sampling site 1 (South Orkney Island) is split into two to make station 
number more visible. 
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Physicochemical variables, nutrient concentration and secondary 
compounds  
Profiles of salinity, oxygen and temperature, were obtained using a CTD EG&G 
model MkIIIC WOCE attached to therossette between 4 and 100 m depth. 
 
Subsamples of 30 ml for inorganic nutrients (nitrate + nitrite, silicate and 
phosphate) and particulate organic nitrogen (PON) were collected and kept frozen 
until analyzed in a Bran + Luebbe AA3 autoanalyzer following standard 
spectrophotometric methods (Hansen and Koroleff, 1999). To determine total 
organic carbon (TOC), other 30 ml of subsamples were collected and stored at -
20ºC in acid-cleaned polycarbonate bottles until analysis. Carbon concentration 
was quantified using a Shimadzu TOC-VCSH organic carbon analyzer. All 
analyzed samples were checked against (MRC Batch-13 Lot//08-13) sea reference 
water (Hansell Laboratory. University of Miami, RSMAS). Finally for particulate 
organic carbon (POC), 1L to 4 L of water samples were filtered (0.3 atm) through 
pre-combusted glass fibre filter (Watman GF/F) and stored in -20ºC. Total and 
particulate organic carbon was measured with a Perkin Elmer 2400 CNH analyser. 
The precision of the method is ± 0.3 μmol C L−1 and ± 0.1 μmol N L−1, 
respectively (Hansen & Koroleff, 1999). 
 
For DMSP analysis, two pellets of NaOH were added to 30 mL of sample for 
hydrolysis to DMS for at least 24 h at room temperature in the dark. Aliquots of 0.1 
to 1 mL were injected into a purge flask with high purity water, sparged for 4-6 min, 
and analyzed for evolved DMS with a purge and trap GC system with FP detector. 
DMSP concentrations were calculated by subtraction of the endogenous DMS. 
 
Isoprene and DMS gas was determined, along with other volatiles, with a purge 
and trap system coupled to a GC-MS detector. Samples of 25 ml of seawater pre-
screened through 200 μm were filtered on-line through GF/F filters, injected and 
sparged with He for 12 min. DMS calibration was performed with DMS solutions 
generated by dissolution and hydrolysis of solid DMSP in high purity water. 
Isoprene calibration was performed with methanol based isoprene dilutions hand 
prepared from a commercial standard. 
 
Methyl-amine (MAs) concentrations was determined in 850 mL seawater samples 
(Table 1 SM) filtered by gravity through 47 mm GF/F filters into 1 L high density 
polyethylene (HDPE) bottles containing HCl (10 mL, 11.6 M), and stored at 4ºC 
until analysis. The seawater was saturated with NaCl and adjusted to pH 13.4 with 
sodium hydroxide. MAs were extracted from the water sample by solid phase 
microextraction approach (Cree et al., submitted). A 
polydimethylsiloxane/divinylbenzenefibre was exposed in the headspace above the 
water sample, and the extraction performed for 2.5 h at 60ºC. The methylamines 
were then resolved and detected using a purge and trap GC system with an NP 
detector. Calibrations were performed using external matrix-matched standard 
solutions containing mono-, di- and trimethylamine in the range 0.13-13.3 nM. 
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Chlorophyll a concentration, viral and bacterial abundances, and 
bacterial production 
250 mL subsamples were collected to determine chlorophyll a concentrations. The 
water was filtered on glass fiber filters followed by extraction with 90% acetone at 
4ºC in the dark for 24 hours. Fluorescence of extracts was measured with a 
calibrated Turner Designs fluorometer. No phaeophytin corrections were applied 
(Strickland and Parsons., 1968). Identification of different taxonomic phytoplankton 
groups were determined in aliquots of 125 ml sample, preserved with hexamine-
buffered formaldehyde solution (4% final formalin concentration) in glass bottles. 
Samples were kept in dark and cool (4° C) conditions until cell observation with a 
Nikon Diaphot TMD inverted microscope (Utermöhl., 1958) at 312X to enumerate 
the most frequent, generally smaller, phytoplankton forms. Additionally, the whole 
chamber bottom was examined at 125 X to count the larger, less frequent cells. 
When possible, the cells were identified at the genus or species level, but many 
taxa could not be identified and were pooled in categories such as “small 
flagellates” or “small dinoflagellates”. Organisms were assembled into four groups: 
diatoms, dinoflagellates, coccolithophores and other microalgae.  
 
2 mL subsamples for viral abundances were fixed with glutaraldehyde (0.5% final 
concentration), refrigerated, quick frozen in liquid nitrogen and stored at -80ºC. In 
the lab, the samples were stained with SYBR Green I for counting, following 
Brussaard (2004). Groups of viruses were classified as low (V1 and V2) and high 
(V3) fluorescence, presumably corresponding to phages and viruses of eukaryotes 
respectively. They were determined in bivariate scatter plots of green fluorescence 
of stained nucleic acids versus side scatter (Evans et al., 2012). Subsamples for 
bacterial abundances (2 ml) were fixed with paraformaldehyde (1% final 
concentration), stained with SYTO13 according to the technique described in 
Gasol and Del Giorgio (2000) and were run using 0.92-µm yellow-green latex 
beads as an internal standard. Viral and bacterial counts were made on a 
FACSCalibur (Becton & Dickinson) flow cytometer, back in the Institut de Ciències 
del Mar (ICM) lab. 
 
Bacteria heterotrophic production (BP) was determined as described in Vaqué et al 
(2017). It was estimated by the radioactive 3H-leucine incorporation technique 
(Kirchmanet al., 1985), with the modifications established for the use of 
microcentrifuge vials (Smith and Azam, 1992). The vials were counted in a 
Beckman scintillation counter on board. BP was calculated according to the 
equation: 
 
BP = LeuxCF (µgCL−1day−1), 
 
Where Leu is the 3H-leucine incorporation (pmol L−1 h−1) and CF is the conversion 
factor (1.5 kg C mol Leu−1, Kirchman, 1992). 
 
Viral community structure. RAPD (random amplified polymorphic 
DNA) 
50 ml of viral concentrate were obtained from 5 L of seawater after tangential 
filtration using 30KDa Vivaflow cartridges and stored at 4ºC until analysis. In the 
lab, we proceed to ultraconcentrate the 50 mL samples after filtered by 0.2 µm and 
centrifugation at 4000 rpm, 10 min using 30-kDa amicon tubs (Winget and 
Wommack, 2008). Next, we proceed to place the viral concentrate into agarose 
plug-like molding pieces (supplementary material extended text, Text 1SM). A 
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previous check of the gen 16S to each sample was performed before starting to 
amplify the viral DNA, to make sure that the samples were DNA bacteria free, if not 
it was treated with DNAse. Proteinase K protocol (Text 2 SM) was applied in order 
to free the viral DNA from the protein viral capsid. Afterwards, to inactivate the 
Proteinase K (inhibitor of the enzyme Taq–polymerase) the Pefabloc® treatment 
was applied (protocol in Text 3 SM). Randomly Amplified Polymorphic DNA – 
Polymerase Chain Reaction (RAPD–PCR; 10’ at 94ºC, 30 times 3’ at 35ºC, 1’ at 
72ºC and 30s at 94ºC, 3’ at 35ºC and 10’ at 72ºC) was used in order to amplify 
random sequences of the viral DNA using the CRA22 primer (5’-CCG CAG CCA A-
3’). We chose this primer, as is the one that showed better results when we were 
optimizing the protocol. Consecutive RAPD-PCR reactions were done until 
reaching 450 ng of DNA from each sample. DNA quantification was done using 
QuBit fluorometer (protocol in Text 4 SM). Then, viral community structure was 
determined using a gel electrophoresis technique. We stained each samples with 
4uL of SYBR Green I. The optimized gel characteristics and running settings are: 
1.8% AG-2 (2.7 g of standard agarose in 150 ml of buffer TAE1X), at 70 Volts 
during 120 minutes and stained with 7µL of SYBER Safe. Thereafter, a gel image 
was taken with the gel imager CHEMIDOC (UV time of exposure around 2.1 
seconds (Fig. 2 SM) and its band pattern analysis was done using Quantity One 
4.5.2 software. The information is converted into a binary matrix representing the 
presence-absence of viral operational taxonomic units (OUT) at the two analyzed 
depths (Surface and DCM). Clusters using Jaccard distance were made from those 
matrixes (Fig. 3 SM). 
 
Statistical analyses 
The Shapiro-Wilk W-test was used to check normal distribution of data, and data 
werelogarithmically transformed prior to analyses if necessary. Differences on 
environmental variables amongst the sampled areas were checked by means of 
ANOVA analyses. Linear simple regressions were used to test significance of the 
relationship between viral abundance and environmental and biological variables. 
With R program version 3.3.1 (2016-06-21) we tested correlations between viral 
community structure from the presence/absence matrix (from the gels), and 
environmental and biological variables matrix, through the function “bioenv” (vegan 
package; Oksanen et al., 2017). To plot the viral community structures in an 
ordination 2D graph from a presence-absence matrix, Non-Metric Multidimensional 
Scaling plots (NMDS) were done by means of the “metaMDS” function from the 
vegan package (Oksanen et al., 2017). Matrix of dissimilarity used for both 
functions (i.e. “bioenv” and “metaMDS”) was calculated using Jaccard distance, 
appropriated for presence absence data type. To fit the correlated biological and 
environmental variables, chosen in accordance to the “bioenv” output, on top of the 
ordination object, we used the “envfit” function from the vegan package again, only 
done for surface samples.  
 
 
Results 
Environmental variables 
Temperature significantly varies among all the areas (p<0.00001, Table 3 
SM), finding ~5ºC at zone 3 (South Georgia), and around -1.5ºC at zone 2 
(Orkney 2). Moreover, the temperature oscillation between surface and 
DCM layers is greater at the first two areas (Orkney 1 and 2) than at the 
last two (South Georgia and Anvers, Fig. 2). Regarding to the salinity, 
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significant differences are found between zones (p < 0.00002, Table 3 SM), 
and if we compare surface and DCM levels at zone 2, the last ones exhibits 
exorbitant levels, around 1 unit of difference (Fig. 2). Lower nitrate and Si, 
and higher TOC and PON concentrations are found at zones 3 and 4 (Fig. 
3A) which is consistent with higher phytoplankton biomass, in terms of Chl-
a (Fig. 4) and activity (i.e. bacterial production, Fig. 1 SM). Regarding to 
secondary compounds (only measured at surface, Fig. 3B), DMSP and 
MAs’ concentrations at zone 1 are more than two-fold higher than at the 
rest of the zones; DMS progressively decreases its concentration from 
zone 1 to zone 4, and isoprene’ concentration at zone 3, is almost five 
times higher than what it is found at the other areas. 
 
 
Figure 2. Temperature (blue) and salinity (red) levels among zones plotted for the two depth layers. 
 
 
 
Figure 3. Nutrients and secondary compounds concentrations among zones. 5A: PON: particulate 
organic nitrogen, TOC: total organic carbon, silicate and nitrate. 5B: MAs: methylamines, Isoprene, DMS: 
dimethyl sulfide and DMSP: dimethylsulfoniopropionate.  
 
Distribution of microorganisms 
Concerning to the biological variables (Fig. 4), at first glance we can see 
how zone 3, around South Georgia Island, is characterized for having 
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higher Chl-a concentration (4.5µg L-1 ±0.36), and higher viral and bacterial 
abundances (1.4*107 mL-1 ± 1.02*106, 4.8*105 mL-1 ± 2.1*104; respectively) 
than to the other three areas (Fig. 4). However, viral abundances at zones 
1 and 2 differ significantly from those at zones 3 and 4, where are higher 
(Table 3 SM). This pattern matches with that of bacterial abundance and 
bacterial production (Fig. 4, and Fig. 3 SM, respectively), which are 
similarly higher at the two last zones, but only being zone 3 significantly 
different from the rest (Table 3 SM). The dominant group of phytoplankton 
species varied among zones. At zone 1 and 4 (South Orkney 1 and Anvers) 
Cryptophytes and haptophytes were the most abundant ones, being the 
Cryptophytes more dominant at around the Anvers Island. Finally, while 
Haptophytes ruled the community at zone 2 (South Orkney 2), Diatoms did 
it at zone 3 (South Georgia, Nunes unplubl.).   
 
Figure 4. Biological variables among zones and for the two layers. VA: viral abundance, BA: bacterial 
abundance, and Chl a: chlorophyll a concentration. Abundances are plotted with the left y-axis and 
concentration of Chl-a with the right y-axis.  
 
Relationships between biological and environmental 
variables 
While temperature and chlorophyll a concentrations relate positively with 
viral abundances (Table 1), salinity negatively does (only, at the DCM. 
Table 1). Surprisingly, total viral abundance correlated better with Chl-a 
than with bacterial abundance (Table 1), and can explain a 50% of the Chl-
a variation. Finally, considering the relationships between surface viral 
abundances with inorganic and organic nutrients, and secondary 
compounds, viruses are negatively related with nitrate, silicate and 
phosphate, as well as with DMSP (Table 1). Oppositely, viruses relate 
positively with PON (particulate organic nitrogen), POC (particulate organic 
carbon), TOC (total organic carbon) and isoprene. 
 
Marine viral community structure 
Viral communities sampled at the four different areas have shown certain 
patterns of grouping. Samples from the surface clustered in three different  
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Table 1. Linear regressions between viral abundance with biological and physicochemical variables, 
nutrients and secondary compounds for surface, DCM and for both depths together (ALL). All data except 
temperature has been log transformed. Only statistically significant results are shown. 
 
Variables n Intercept SE slope SE R2 p-value Significance 
Temperature~VA         
Surface 21 -26.57 6.22 4.09 0.93 0.481 0.0002922 *** 
DCM 18 -18.01 6.80 2.79 1.01 0.281 0.01381 * 
All 39 -21.85 4.53 3.37 0.67 0.388 1.361e-05 *** 
Salinity~VA         
DCM 18 1.56 0.01 -0.004 0.001 0.262 0.0173 * 
Chlorophyll a~VA         
Surface 22 -7.40 1.59 1.13 0.2 0.509 0.000115 *** 
All 39 -5.42 1.22 0.83 0.18 0.346 4.873e-05 *** 
Chlorophyll a~V3         
Surface 22 -3.97 1.01 0.74 0.18 0.430 0.0005545 *** 
All 39 -2.63 0.78 0.51 0.14 0.241 0.0008842 *** 
Bacteria~VA         
Surface 23 3.54 0.66 0.29 0.10 0.254 0.008265 ** 
All 40 4.33 0.49 0.18 0.07 0.108 0.02061 * 
Bacteria~Phages         
Surface 23 4.48 0.37 0.18 0.06 0.219 0.01397 * 
All 41 4.40 0.49 0.17 0.07 0.092 0.03009 * 
Surface Variables Only 
VA~Nitrate 23 3.00 0.30 -0.20 0.04 0.563 2.238e-05 *** 
VA~Silicate 23 0.07 1.80 -0.83 0.27 0.279 0.005599 ** 
VA~Phosphate 23 1.76 0.34 -0.22 0.05 0.455 0.0002488 *** 
VA~TOC 15 0.79 0.22 0.14 0.03 0.554 0.0008872 *** 
VA~PON 22 -4.53 1.08 0.71 0.16 0.472 0.0002501 *** 
VA~POC 22 -2.77 0.92 0.57 0.13 0.434 0.0005119 *** 
VA~DMSP 23 4.70 1.08 -0.37 0.16 0.167 0.02995 * 
VA~DMS 23      0.2177  
VA~Isoprene 22 -7.96 1.54 0.89 0.23 0.404 0.0008885 *** 
VA~MAs 10      0.06228  
Clh-a~Isoprene 11 -2.09 0.06 0.72 0.12 0.653 5.744e-06 *** 
 
groups (Fig. 3A SM). The two groups on the left (Fig. 5A), i.e. entire 
communities from zones 1 and 2, are more alike to each other (30% of 
similarity, see clusters in Fig. 3A SM), than what they are with the bottom-
right one, i.e. mainly zone 4. The two left groups share less than a 15% of 
similarity on their community structures with the bottom-right group (Fig. 3A 
SM); the spatial distribution on the ordination plot (Fig. 5A) reinforces that. 
Finally, samples taken at zone 3 seem to have a wide and more diverse 
structure, which can match well either with that at areas 2 or 4.  
However, communities at the DCM appear to be more structured and 
distinct. Viral population from zones 3 and 4 grouped totally apart from the 
rest (Fig. 5B); zone 2 also did except for two samples, which grouped with 
zones’ 1. The two left groups in the DCM-NMDS, clustered together even 
they share less than a 30% of similarity (Fig. 3B SM). The same pattern is 
observed for the two right groups in the NMDS, which share at most a 30% 
of similarity on their community structure. The two samples from zone 2 
that stayed apart from their neighbor sample, share around 50% of 
similarity of the community structure with the samples from the zone 1, and 
less than a 20% with the samples from their own area.  
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Relationship between marine viral communities with 
different variables  
As well as we have seen a certain degree of differentiation on viruses’ 
community structures depending on the depth layer, they also relate a bit 
differently with the environmental variables. Communities from both depths 
correlated with temperature and salinity, but viruses from the surface were 
in addition correlated with chlorophyll a and bacterial production 
(spearman’s rsurf = 0.40, rDCM = 0.65 respectively). Thus at the surface, Chl-
a showed better relation with the viral community from zone 4, temperature 
and salinity in opposite direction with zones 3 and 1 respectively, and 
bacterial production did with viruses from both, zones 2 and 3 (Fig. 5C). 
 
Then, accounting only for the surface layer (data on secondary compounds, 
SC, not available from the DCM), we related the viral community structure 
with, first, the nutrient concentration (organic and inorganic), and second, 
with the secondary compounds (SC, presumably derived from the 
microbiological activity in the water column). Nitrate, silicate, total organic 
carbon (TOC) and particulate organic nitrogen (PON) are the nutrients that 
Figure 5. Community structures visualization of 
marine viruses: Non-Metric Multidimensional 
Scaling (NMDS) plot for surface samples (A, C) 
and for DCM samples (B). (A, B, C) Gray circles 
join the samples that clustered together in the 
clusters (Fig. 3 SM). (C) Gray arrows represent 
the fitted vectors of the variables that 
significantly correlated with the viral community 
structure at the surface.  
 
A B 
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better related with the viral structure (rnutrients = 0.63); however, as soon as 
we fit them on the surface spatial distribution (Fig. 5C) we clearly see that 
while nitrate and silicate are strongly related (long arrows) with 
communities from zone 1, TOC and PON relate similarly with zone 3 
communities. Finally, concerning to the secondary compunds, 
dimethylsulfide (DMS), methylamines (MAs) and isoprene, were the ones 
that showed more correlation with the whole community structure (rSC = 
0.49). From those, DMS and MAs were strongly related with viral 
community from zone 2 and 1 respectively and isoprene with the viral 
communities at zone 3. 
 
 
Discussion 
Marine viral abundance distribution and community structure around the 
Antarctic Peninsula and the South Georgia Island, presented variations on 
the abundances as expected, and clear structuring patterns, as well as 
significant relationships with some of the secondary compounds. Thus, our 
findings suggest a possible implication of viruses in the marine aerosol 
formation, from which at the moment, scarce information can be found. 
 
Viral abundance showed the highest values around the South Georgia, and 
the lowest around the Orkney Island, being in agreement with the results 
found for the Southern Ocean and Antarctica by Evans et al., (2009, 2012), 
and Vaqué et al., (2017). We also observed that viruses were positively 
related with temperature, chlorophyll a and bacterial abundance, and 
negatively related with salinity (Table 1). Those results had been also 
reported in others studies carried out in the Antarctic Ocean and other 
environments (William et al., 1993, Wilhelm and Suttle, 1999; Guixa-
Boixereu et al., 2002; Breitbart et al., 2008; Brussaard et al., 2008); even 
though, some studies have published confronting results, where marine 
Antarctic viruses were not correlated at all with temperature, Chl-a and 
bacteria (Marchant et al., 2000; Gowing et al., 2004; Vaque et al., 2017). 
Furthermore, viruses were negatively correlated with the concentration of 
inorganic nutrients as nitrate, phosphate and silicate (Table 1). This can be 
explained by the fact that in a blooming-like situation as in South Georgia, 
heterotrophic bacteria and phytoplanktonic community nutrient 
consumption rates are high enough as to importantly lower the nutrient 
concentrations in the water column, and make them correlate negatively 
with viral abundance.  Additionally, low silicate levels at the South Georgia 
are the response of a diatom dominant population at that zone (Nunes 
unpubl data), i.e. they would incorporate silicate in order to built and fortify 
their exoskeleton. Finally, total organic carbon sharply increased at zone 
three suggesting the DOC and POC liberation by viral cell infection and 
lysis (Proctor and Fuhrman, 1991; Thingstad et al., 1993; Winbauer and 
Höfle, 1998). 
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Viral community structure was determined by using the RAPD-PCR 
technique, which provides robust banding patterns, both for surface and the 
DCM samples. Comparison of the banding patterns allowed us to infer 
genetic similarities between viral assemblages from the four different 
sampled zones in the Antarctic and sub-Antarctic ocean. When using this 
technique we have to take into account: First, the interpretation of the 
banding patterns relies heavily on the assumption that those are 
reproducible between reactions (Winget and Wommack, 2008), what has 
been proved in previous studies (Akopyanz et al., 1992; Neilan, 1995; 
Franklin et al., 1999), as well as in our lab. Second, RAPD-PCR may 
underestimate viral richness among samples when doing the amplifications; 
amplicons of the same size are amplified, although belonging to different 
viral DNA template. Moreover, viruses larger than 0.2 µm are cleared by 
filtration. Finally, viral richness overestimation can happen due to two 
reasons; first, a single DNA template can have multiple priming sites on its 
genome, resulting in more than one amplicons per viral community (Winget 
and Wommack, 2008), and second, Short and Suttle, (2002) found that 
similar sequences can migrate differently, and different sequences can 
migrate similarly.  However, in spite of those constraints, we believe that is 
a good fingerprint approach, which is used worldwide for many scientists to 
detect the viral community structure in natural samples.   
 
From the obtained results we observed different organizations and 
structuring of the viral communities according to the depth they were 
sampled. On one side, clear segregation of viral communities is rather 
observed at the DCM than at the surface (Fig. 5). This pattern might be due 
to vertical physical conditions of the water column, e.g. stratification, which 
was present and strong at all zones except for zone 1 (R. Simó personal 
communication). Additionally, is appropriate to allude the hypothesis of the 
seed-bank proposed by Breitbart and Rohwer, (2005) which explains how 
high local viral diversity depends on host availability and diversity (Huang et 
al., 2015), which at the same time is driven by changing environmental 
conditions. Such hypothesis could explain the viral structure pattern 
obtained at the DCM, which might be due to hosting cells diversity among 
zones and the consequent bank-to-seed shift and vice versa of different 
types of viruses. On the other side, less segregation than at the DCM was 
observed among surface viral assemblages (Fig. 5A). A similar pattern was 
described in Winget and Wommack, (2008), who found that viral 
community structures were not related with different geographical locations. 
In addition, Short and Suttle, (2002) observed nearly identical viral 
sequences from distant oceans, supporting a wide and mixed distribution 
among geographic gradients. Also, oppositely to viriobenthic assemblages 
from different sites that may show stable and differentiated banding 
patterns, pelagic viruses undergo through more divers and dynamic 
environmental changing conditions (Helton and Wommack, 2009). Even 
though, what is clear from our results is that viruses do show qualitative 
structure differentiation among the geographic sampled locations, being 
communities within zones more similar than between zones.  
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The viral community structure from surface waters showed a qualitative 
relationship with some occurrences of secondary compounds (sulfurs, 
amines and isoprene, Fig. 5B), what suggests their implication in the 
formation of volatile compounds in the southern ocean. It is known that 
concentrations in the water column of DMS and its precursor DMSP, as 
well as of Isoprene, mainly depend on certain phytoplankton species and 
by the cell sizes that characterize them. Even this, it is not surprising that 
the pick on DMSP and DMS (Fig. 3B) did not match with that of 
phytoplankton biomass in South Georgia (Fig. 4); that area was dominated 
by diatoms, which are characterized for being poor DMSP-producers 
(Keller, 1989; Liss et al., 1993; Simó, 2001). DMSP-producers were found 
at zone 2 (haptophytes), and at zones 1 and 4 (cryptophytes), what could 
support the higher concentrations on organic sulfur compounds found at 
zone 1; however, we do not have a clear answer for zone 4. Additionally, 
since DMSP relays basically on phytoplankton communities, all physical 
and chemical environmental conditions that would shape the phytoplankton 
blooms will affect the primary DMSP production (Wolfe et al., 2002). On the 
other side, the recently findings by Dall’Osto et al., (submitted, Scientific 
Repports) support the high levels of MAs detected nearby the Antarctic 
Peninsula (Orkney). He found a positive correlation between MAs 
concentration and viruses (fraction V3) abundance on ice floats, making 
those three factors the most plausible mechanisms for the organic nitrogen 
release. 
  
Conversely, the fate of the DMS in the water column once it is produced is 
less certain, explanatory studies on its cycling pathways are scarce. 
Bacteria, apart from being capable of lyase DMSP into DMS (Belviso et al., 
1990; Wolfe et al., 1994), are also believed to be a sink of DMS; this 
supports the lower levels of DMS found in the South Georgia and in Anvers 
sampling sites were higher bacterial abundance and activity were detected 
(Fig. 4 and Fig. 1 SM, respectively). Other than that, DMS concentrations 
are unusually higher at zones 2 and 3 if we consider the low concentrations 
of DMSP at those zones.  
 
The Isoprene concentration also relays on the phytoplankton species and 
its cell size, as well as with environmental conditions such as temperature 
and photosintetically active radiation (PAR, Shaw et al., 2003). Several 
authors found isoprene production rate strongly correlated with 
phytoplankton activity (Bonsang et al., 1992; Yokouchi et al., 1999; Shaw at 
al., 2002; Wingenter and Nenes, 2007; Shaw et al., 2010). In our study, 
was in South Georgia where Isoprene achieved the highest concentration, 
presumably produced by diatoms, who dominated the phytoplankton 
community. Even though has been reported that viruses may have a 
negative effect on the Isoprene production (Shaw et al., 2003), we hereby 
present contrary qualitative results that may place the viruses as an 
enhancing factor on the isoprene production.  
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Even the complexity of the natural systems, our results give some hints on 
how different microbial communities, specifically the viral ones, associate 
and participate on the shaping of the biogeochemical bases of the 
secondary compounds.   
 
Conclusions 
The approaches used here, based on information available from other 
studies and on analysis and correlation of self-collected data, allow us to 
contribute to the currently understanding of the marine viral community 
structures in the Antarctic and Sub-Antarctic Oceans and their effect on 
secondary marine aerosol formation. Our results, envisage the role of 
marine viruses as contributors on the release of secondary compounds 
from phytoplankton cells. The higher concentrations of secondary 
compounds as DMSP, DMS and MAs around the South Orkney Island, and 
Isoprene at the South Georgia Islands, were related with different viral 
communities, which could infect the dominant phytoplankton taxa at those 
zones. Actually, since viruses can explain half of the variability of 
chlorophyll a concentration, it is reasonable to suggest that viruses have an 
impact on the release of the precursors of the marine secondary aerosols. 
However to accomplish a full understanding on whether viruses have or do 
not have direct impact on the marine aerosols precursors formation, field 
data should be coupled with laboratory experiments, where the relationship 
between viruses and viral lyses of specific phytoplankton species and the 
subsequent measures of secondary compounds would be established.  
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Table 3 SM. Analysis of variance (ANOVA) and Tukey test p-values for 
environmental and biological variables amongst the sampling sites. n: number of 
data, F: F ratio, p: significance level. 
 
 
    TUKEY TEST (p) 
Sampling site ~ n F p 2-1 3-1 4-1 3-2 4-2 4-3 
~Temperature 276 357.2 <2e-16 ** ** ** ** ** ** 
~Oxygen 276 8.973 1.07e-05 **  **    
~Conductivity 277 408.5 <2e-16 ** **  ** ** ** 
~Salinity 277 9.858 3.41e-06   **   ** 
~Chlorophyll  a 293 72.61 <2e-16 ** **  ** ** ** 
~Fluorescence 277 39.47 <2e-16 ** **  ** ** ** 
~Turbidity 277 84 <2e-16 ** **  **  ** 
          
~VA 327 43.11 <2e-16  ** ** ** **  
~BA 318 32.38 <2e-16  **  **  ** 
~VBR 317 31.25 <2e-16  ** ** ** **  
~Bact Production 315 42.37 <2e-16  **  **  ** 
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Figure 1 SM. Bacterial Production among the sampled zones. 
 
 
 
 
 
 
 
Figure 2 SM. Fingerprints from viral concentration DNA (final concentration: 450 
ng) from different zones. (A) Surface samples, (B) DCM samples. Numbers 
indicate the station number. First and last line in both gels: EasyLadder I, Bioline. 
Molecular weight markers are indicated in base pairs (bp). Sharp differences on 
the shade of gray are due to the side-merge of different gels images (samples from 
each depth layer were run in three different gels in order to obtain best quality 
gels). Drake (A): sample not used in the statistical analyses. 
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SM Figure 3. Cluster dendograms comparing similarity (Jaccard, S7 Resemblance 
method) of viral community structure near the surface (A) and at the DCM (B). Red 
boxes highlight big groups that differentiated at the different depths.  
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Supplementary Material Text 
 
Text 1 SM. Molding DNA in agarose plugs 
Goal: Prepare agarose plugs to perform molecular works as RAPD-PCR or 
PFGE. 
 
1- Prepare the viral concentrate by centrifuging several times at 4500rpm in 
30KDa-amicon tubes, until you get about 400ul of virus suspension. 
2- Pipet in and out and transfer the whole volume to a 1,5ml-microcentrifuge 
tube. Equilibrate the samples in a water bath at 37ºC for a few minutes. 
3- Melt a stock of 1,6% (w:v) low-melting-point agarose (Pronadisa) in sterile 
water and keep it in a bath at 50ºC until being used. 
4- Mix by pipeting equal volumes of virus suspension and agarose  and 
quickly dispense into plug moulds provided by BIO-RAD. Try to avoid air 
bubbles. Let them solidify at room temperature for a few minutes and then 
15 minutes at 4ºC, covered up to avoid drying. 
5- Cut in three parts every plug and put all them into a 15ml sterile tube 
containing 0.2-filtered TE1x buffer (about 5ml of TE is enough for 10 plugs). 
Store at 4ºC until being used. 
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Text 2 SM. Proteinase k treatment of viral plugs 
Goal: To disrupt viral capsids so the viral DNA is available for the PCR. 
 
Transfer one plug into 1mL of ESP buffer in a microcentrifuge tube 
Incubate overnight at 50ºC. 
Store at 4ºC until you need it. 
 
ESP buffer: 
Final conc:   For 100mL: 
0.5 M EDTA, pH 9 to 9.5 18.6g (MW 372.24) 
1% N-laurylsarcosine  1g 
1mg/mL proteinase K  100mg 
 
- Dissolve EDTA powder in 80ml of MQ. While stirring vigorously on a 
magnetic stirrer at RT, add NaOH pellet or 10N NaOH to adjust the solution 
pH to 9. (About 3g of high quality NaOH pellets are needed). Then bring to 
final volume and autoclave. 
- Add 1 g of N-laurylsarcosine. Dissolve using a magnetic stirrer and high 
temperature. 
- Back to room temperature, add 100mg of pK powder provided by SIGMA 
(be careful not to heat it, as it is an enzyme). Use a magnetic stirrer until it 
is totally dissolved. 
- Filter the buffer through 0.22um, make 10-15ml aliquots and store them at -
20ºC. 
- Thaw one aliquot (at least 1ml for each sample) in a 50ºC bath and then 
equilibrate at RT for a while before using it. 
 
1.6% Low melting point agarose: 
- 1.6 g of LMP agarose (Pronadisa) in 100ml of autoclaved MQ. 
- Warm in the microwave until it is totally dissolved (avoid boiling). 
- Use a sterile glass bottle to prepare it. 
- Let it solidify and keep it at RT or 4ºC until next use. 
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Text 3 SM. Pefabloc treatment of viral plugs 
Goal: To inactivate the proteinase K so that it doesn’t interferes with the 
PCR coming next. 
 
From a viral plug previously treated with pK, do the following washing steps 
(using several eppi tubes): 
2 x 30min with 500ul of 3mM Pefabloc 2 x 30min with 500ul of TE1x 
2 x 30min with 500ul of modified TE1x 
 
100mM Pefabloc (stock): 
Dilute 100mg of the powder provided by SIGMA in 4ml of sterile MQ. 
Aliquot in several eppi tubes. 
 
3mM Pefabloc (working solution): 
15ul of 100mM pefabloc + 485ul 1xTE 
 
TE1x buffer (10mM Tris, 1mM EDTA), for 200 ml: 
2ml Tris-HCl 1M pH=8 400ul EDTA 0,5M pH=8 
Fill up to 200ml of MQ. Autoclave and filter through 0,2um before using. 
 
Modified TE1x buffer (10mM Tris, 0.1mM EDTA), for 200mL: 
Add 40ul of 0,5M EDTA instead of 400ul. 
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Text 4 SM. QuBIT DNA quantification 
Goal: To quantifye the viral DNA we have amplified, and thus be able to run 
from all samples the same amount of DNA. Standarization of conditions 
 
Working Solution composition (WS): 
 199μL buffer multiplied by the number of samples to be quantified 
 1μL Broad Range reagent multiplied by the amount of samples to be 
quantified  
 
Standard solution (to calíbrate the QuBITfluorometer) 
 190μ WS + 10μ standard 1 
 190μ WS + 10μ standard 2 
 
Sample solution (from where we do the readings) 
 198μL de WS + 2μL de producte PCR 
 
- Vortex solutions one minute before doing the readings 
- Calibrate the fluorometer by reading the standard 1 and 2.  
- Read samples.  
 
 
